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Structural Basis of an Inherited hERG1 Long QT Mutant
Julio F. Cordero-Morales, Vishwanath Jogini, Anthony Lewis,
Valeria Vasquez, David Medovoy, Martin Tristani-Firouzi, Eduardo Perozo.
Mutations in human ether-a-go-go related Kþ channel gene hERG1 are a com-
mon cause of Long QT syndrome (LQTS), an electrical disorder of the heart
that predisposes individuals to sudden death. Of these, changes to the pore do-
main are associated with a greater risk of life-threatening arrhythmias. One
such mutation N629D, located adjacent to the selectivity filter, causes loss of
function and altered ion selectivity. We have shown that the selectivity filter
sequence of non-selective cation channel NaK shows striking similarity to
that of hERG1, and that mutagenic transformation of the NaK filter into
hERG1’s generates a structurally canonical Kþ filter. Here, using this
hERG1-like NaK as a structural model, we reveal the molecular mechanisms
that underlie channel dysfunction in the N629D mutant. The NaK/hERG
N629D filter crystal structure obtained at 2.8 A˚ show that N629D induces a dra-
matic conformational rearrangements in the extracellular vestibule that extend
to the filter, disrupting Kþ binding sites to cause loss of ion selectivity. These
changes involve a 180 deg rotation of the Phenylalanine 66 at the selectivity
filter (equivalent to position Phe627 in hERG1) and an intrinsic sensitivity to
the nature of the permeant ion. These findings provide insight into the
hERG1 selectivity filter and offer a new biophysical tool for the study of the
molecular mechanisms underlying LQTS pore mutants at atomic level.
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Gating Current of the KCNQ1 Voltage-Gated Potassium Channel
Katarina J. Ruscic, Francesco Miceli, Francisco Bezanilla,
Steve A.N. Goldstein.
KCNQ1 pore-forming alpha-subunits are crucial to physiology, operating in vivo
with KCNE1 and KCNE3 beta-subunits in the heart and stomach, respectively.
Recently, the gatingcurrentsofKCNQ4andKCNQ5channelswere characterized
(Miceli, Channels, 2009); here, equivalent measurements are described for
KCNQ1 channels formed in the absence of beta-subunits. Human KCNQ1 was
studied in Xenopus oocytes with the cut-open oocyte voltage clamp technique.
To record gating currents, cells were depleted of internal potassium ions and re-
sidual ionic current was blocked with tetraethyammonium and barium. At room
temperature, gating currentswere too small to resolve.At 28C,ONgating current
gave rise to peak charge movement atþ40 mV of ~0.7 nC / mA of ionic current.
The total chargemovement at each test potentialwas conserved in theOFF-gating
currents. Analysis of the charge-voltage (QV) relationship and conductance-
voltage (GV) relationship showed a 10 mV hyperpolarizing shift of the half-
maximal voltage of activation of the normalizedQVcurvewith respect to the nor-
malized GV curve. KCNQ1 ON-gating current decay constants were 4-fold
slower than in KCNQ4 and required longer test pulses to fully resolve. Overlays
of gating and ionic currents revealed that, as for KCNQ4, gating chargeswere still
moving even after KCNQ1 channels started to open, indicating that chargemove-
mentwas a rate-limiting factor in channel opening. These first characterizations of
KCNQ1 gating currents and are an important step towards understanding muta-
tions that lead to cardiac arrhythmias, such as long-QT syndrome, and the effects
of beta-subunits on channel function. Supported by NIH GM030376, University
ofChicagoMSTP, and The Paul andDaisy Soros Fellowship forNewAmericans.
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Gating Currents from Neuronal KV7 Channels Carrying BFNS-Causing
Mutations in the S4 Segment of the Voltage Sensing Domain
Francesco Miceli, Ernesto Vargas, Maria Roberta Cilio, Francisco Bezanilla,
Maurizio Taglialatela.
Kv7 genes encode for channel voltage-gated potassium subunits with inhibitory
function on electrical excitability. Mutations in Kv7.1 cause one form of long
QT syndrome, whereas Kv7.4 mutations underlie a rare form of slowly progres-
sive deafness; finally, mutations in Kv7.2/Kv7.3 genes have been identified in
families affected by Benign Familial Neonatal Seizures (BFNS) and/or periph-
eral nerve hyperexcitability (PNH). Disease-causing mutations often affect res-
idues in the voltage-sensing domain of Kv7 subunits and modify the gating
properties of the macroscopic currents carried by these channels. To achieve
a more detailed functional analysis of these gating changes, we previously re-
corded the gating currents from the neuronal Kv7.4 channel, using the cut-open
vaseline gap technique. In the present work, we have characterized the ionic
and gating currents from homomeric Kv7.4 channels carrying mutations homol-
ogous to BFNS-causing mutations in Kv7.2 (R213Q/W, D218G and R219W),
as well as the non-BFNS mutant R219Q (Kv7.4 numbering).
Channels carrying theD218G,R219Qor theR219Wmutations in theC-terminal
part of S4 show the following salient properties:þ30mV shift of the G/V curves
and faster activation/deactivation kinetics. Gating currents from these channels
showed: gating charge conservation between QON and QOFF, slight (5-13 mV)
right-shift of the Q/V curves, and a fast QOFF decay with no rising phase. Neu-tralization of R213 caused a G/V right-shift associated to slower activation/de-
activation channel kinetics. Interestingly, upon pore current blockade, in Kv7.4
channels carrying the R213Q/W mutations causing PNH, a persistent outward
current was recorded that increases on depolarization, indicating a gating pore
leak in the active state of the sensor. These datamay help elucidate themolecular
pathogenesis of BFNS and associated diseases.Supported by Telethon GP07125
(MT), E-Rare JTC 2007 (MRC), and NIH GM30376 (FB).
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Histidine 562 on S5 is a pH Sensor for HERG Gating
Glenna C.L. Bett, MiMi Liu, Randall L. Rasmusson.
In the HERG channel there are at least two binding sites for extracellular protons.
One site alters gating, and the other alters conductance. One of these sites shifts
activation and inactivation voltagedependence.The only twohistidines on the ex-
tracellular loops of the channel have been shown to be uninvolved in the pH sen-
sitivity of gating. We hypothesized that a histidine residue located at nearly the
midpoint of S5 (H562) could be the pH sensor for gating kinetics. We substituted
a glutamineat this point andproducedaHERGcurrentwith kinetics shifted nearly
20mV negative and rendered gating pHo-insensitive. This analysis was extended
to a HERG construct with all three histidines removed. Although removal of the
histidine fromS5 inHERG resulted in reduced pH sensitivity of deactivation time
constants, this disruption could occur via several mechanisms. Therefore, we
tested whether inserting a histidine into the middle of the S5 region of the
Kv1.4 channelwouldconfer pHsensitivity.Because of an intrinsic pH sensitivity,
we made the S5 mutation in a double construct in which the external pH sensing
histidine at position 508 in Kv1.4 was mutated to a glutamine. Introduction of
a histidine at positionG489on theS5voltage sensor of theH508Qmutant channel
induced pH dependent gating. Changing pHo from 7.8 to 6.2 caused an approxi-
mate15mVshift in the threshold for activation ofKv1.4[G489H][H508Q]. The
half activation timewas pHo dependent for a shift from pH7.4 to 6.2. The G489H
mutation restored the coupling between extracellular pH and N-terminal binding
that was disrupted by the H508Q mutation. These studies suggest that an impor-
tant pH sensitivity of gating is conferred by an S5 cleft space histidine in HERG.
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Modeling HERG Gating Transitions
QinLian Zhou, Glenna C.L. Bett.
HERG (human ether-a`-go-go related gene, Kv11.1, KCNH2) is a voltage-gated
potassium channel with unique gating characteristics. HERG has fast voltage-
dependent inactivation, relatively slow deactivation, and fast recovery from in-
activation. This combination of gating kinetics makes study of HERG difficult
without using mathematical models. Several HERG models have been devel-
oped, with fundamentally different organization and properties.
We programmed five distinct HERG models and tested their behavior under
voltage-clamp and guinea-pig ventricular myocyte action potential clamp. Four
models used Markov formalisms, and one used Hodgkin-Huxley formalism.
HERG behavior cannot be replicated using a Hodgkin-Huxley formalism. The
Markov Models had 2 or 3 closed states, 1 open state, and 1 inactivated state. A
voltage-independent activation step is required inorder to replicate the experimen-
tally observed voltage-independent rate limiting step of activation. A fundamental
difference betweenmodels is the presence or absence of a transition directly from
the closed state to the inactivated state. Two of theMarkovmodels had transitions
directly from the closed state to the inactivated state. Our analysis demonstrates
that the onlymodelswhich effectively reproduceHERGexperimental data require
that the closed-inactivated transitions are absent or are effectively zero compared
to the closed toopen transitions, rendering the closed-inactivation transition super-
fluous. Furthermore, themodels make significantly different predictions about the
behavior of the HERG during action potentials and premature stimuli.
Our simulations indicate there is no direct transition between the pre-activated
closed state and the inactivated state, although inactivation from a ‘‘flicker’’
open state is possible. The use of a model with a direct transition between
closed and inactivated states with rates that are effectively zero is potentially
misleading in understanding HERG gating.
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KCNE2 uses More Domains than KCNE1 to Modulate KCNQ1 Channel
Function
Yuhong Wang, Min Jiang, Mei Zhang, Pan Li, Xuanyu Meng,
Dimitar P. Zankov, Meng Cui, Changlin Tian, Gea-Ny Tseng.
KCNE1 & KCNE2 are both single membrane-passing peptides with amino- &
carboxyl ends in extra- & intra-cellular compartments. They also share high se-
quence homology in the transmembrane (TM) and juxtamembranous regions.
Yet the two have distinctly different effects when associated with the
KCNQ1 channel. Understanding the structural basis for differential KCNQ1
modulation by the 2 KCNE subunits is prerequisite to drug design targeting
such interactions. We use the techniques of NMR, cysteine (Cys)-scanning
Tuesday, March 8, 2011 427amutagenesis and voltage clamping to explore this issue. We learn the follow-
ing: (1) KCNE2 differs from KCNE1 in the extracellular juxtamembranous re-
gion (helix vs unstructured loop). Cys substitution in this region has distinct
impact on the gating kinetics and/or pore conductance of the KCNQ1/
KCNE2 channel complex, but has little or no effects on the KCNQ1/KCNE1
channel function. (2) KCNE2 & KCNE1 sequences diverge in the carboxyl
end. Truncating this region of KCNE1 (93 129) does not interfere with its
ability to modulate KCNQ1, while truncating the corresponding region of
KCNE2 (98-123) abolishes its function as a KCNQ1 modulator. Intracellular
application of a peptide corresponding to KCNE2 aa 98-123 reduces currents
through KCNQ1, increases currents through KCNQ1/KCNE2, but has no ef-
fects on currents through KCNQ1/KCNE1. (3) Cys substitution along the
TM helices of KCNE1 and KCNE2 affects the gating kinetics and/or pore con-
ductance of the KCNQ1/KCNE channel complexes. Structural alignment sug-
gests a rotation of KCNE2 relative to KCNE1 in terms of helical faces
interacting with the pore domain and voltage-sensing domain of the KCNQ1
channel. We propose that while both KCNE subunits utilize their TM helices
to interact with KCNQ1, the more rigid helical structure of KCNE2 allows it
to allosterically modulate the KCNQ1 gating and ion permeation properties
by the extracellular juxtamembranous and cytoplasmic carboxyl domains.
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Pore Determinants of KCNQ3 Kþ Current Expression
Frank Choveau, Sonya Bierbower, Mark Shapiro.
Our laboratory has suggested the pore region of KCNQ channels to be impli-
cated in governing current amplitudes, in which large currents are possible by
an interaction between a threonine and an isoleucine at the 315 and 312 po-
sitions, respectively. Consistent with this, replacement of A315 in KCNQ3
with a threonine or serine increased current amplitudes (Zaika et al., 2008.
Biophys J, 95). Here, we find several mutations in KCNQ3 at position 312
(I312V, I312E and I312R) abolished the homomeric current. Co-expression
of KCNQ3 I312V and I312E with wild-type (WT) KCNQ2 resulted in
smaller currents vs. WT KCNQ2þ3 channels, but did not modify channel
voltage dependence. Evidence that the I312V and I312E mutants were ex-
pressed in the heteromers includes a shifted TEA sensitivity, compared to
KCNQ2 homomers. Molecular modeling suggests the lack of current in
I312V and I312E KCNQ3 channels to be due to a destabilization of the
pore structure. Another lab has suggested the C-terminus KCNQ1-3 channels
is critical in determining KCNQ current amplitudes (Schwake et al., 2006. J.
Neurosci., 26). Moreover, the crystal structure of the KCNQ4 coiled-coil ‘‘D-
helix’’ highlighted three positions (V619, M629 and C643) critical for
KCNQ4 channels oligomerization, which are divergent in KCNQ3 (Howard
et al., 2007. Neuron, 53). We find H2O2-induced oligomerization of
KCNQ4 subunits, reported by native PAGE, to localize to a cysteine located
at the end of the D-helix at position 643, at which only KCNQ3 possesses
a histidine at the analogous position. As a probe for the role of H646 in
KCNQ3 expression, we tested the H646C mutant. However, homomeric or
heteromeric channels containing this mutation produced smaller currents, rul-
ing out this divergent residue as underlying low amplitude of KCNQ3 cur-
rents. Our results confirm that the pore region is predominant in governing
KCNQ channel expression.
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A Spectrum of Functional Phenotypes Associated with LQT1 Mutations
Identified in Patients with Early-Onset Atrial Fibrillation
Daniel C. Bartos, Eric S. Schmidt, Don E. Burgess, Brian P. Delisle.
Mutations in KCNQ1, the gene encoding the voltage-gated Kþ channel a-sub-
unit that underlies the slowly activating delayed rectifier Kþ current (IKs) in the
heart, are linked to Type I Long QT Syndrome (LQT1) and Familial Atrial Fi-
brillation (FAF). Compared to the background prevalence of 0.1%, early-onset
atrial fibrillation (patients < 50 years) was observed in ~2% of LQT1 patients
(Johnson et al., Heart Rhythm, 2008). We expressed several LQT1 mutations
(P7S, R231H, and T322A) identified in patients with early-onset AF in
HEK293 to better understand their functional phenotype. Cells were transfected
with cDNA for the auxiliary Kþ channel subunit KCNE1 (E1) and WT-, P7S-,
R231H-, or T322A-KCNQ (Q1). Whole-cell Q1E1 currents (IQ1E1) were mea-
sured using the patch-clamp technique and holding potential of 80mV. We
measured I-V relations from these cells by prepulsing from a holding potential
of 80 mV to 70 mV in 10-mV increments for 5 seconds, followed by a test-
pulse to 50mV for 5 seconds. The peak IQ1E1 measured during the test-pulse
was plotted as function of the pre-pulse and the data were described using the
Boltzmann equation to calculate the maximally activated IQ1E1 (IMAX), the
midpoint potential (V1/2), and slope factor (k). Each mutation generated differ-
ent functional phenotypes. Compared to cells expressing WT (n=7), cells ex-
pressing P7S (n=10) did not alter IMAX (WT=9959 pA/pF, P7S=93517 pA/
pF), V1/2 (WT=2653mV, P7S=2453mV), or k (WT=1651mV/e-fold DI,P7S=1651mV/e-fold DI ). Cells expressing R231H (n=9) generated constitu-
tively active IQ1E1 (R231H=64.07527.48 pA/pF) at 80 mV that was similar
to previously described FAF-linked mutations, and IMAX was not altered
(80.09515.58 pA/pF). In contrast, cells expressing T322A (n=7) generated
no IQ1E1. These data demonstrate there is no characteristic IQ1E1 phenotype
for LQT1 mutations identified in patients with early-onset AF.
2313-Pos Board B299
Long QT-Linked HERG Mutations at R531 of the S4 Alter the Gating
Properties of Wt-HERG
Christie M. McBride, Jonathan Powell, Ashley Smith, Brian P. Delisle.
Mutations in the human Ether-a-go-go Related Gene (hERG) are linked to
Type 2 Long QT Syndrome (LQT2). LQT2-linked mutations at R531 disrupt
a conserved basic residue on the fourth transmembrane segment (S4) of the
voltage-sensor. To understand the impact that these mutations have on
hERG function, we expressed WT-, R531Q-, or R531W-hERG in HEK293
cells. Since LQT2 follows a dominant-inheritance pattern, we also transfected
cells with equal amounts of WT- and R531Q-hERG or WT- and R531W-
hERG. The whole-cell patch-clamp technique was used to record hERG cur-
rent (IhERG). I-V relations were measured by pre-pulsing cells in 10-mV incre-
ments to 100mV for 5s, followed by a test-pulse to 50mV for 5s. The peak
tail IhERG measured during the test-pulse was plotted as a function of the pre-
pulse potential. The data were fit with the Boltzmann equation to calculate the
maximal IhERG activation, midpoint potential for maximal activation (V1/2),
and slope factor (k). Maximal IhERG was not significantly different among
the groups; however, there was an increase in the k and a positive shift in
the V1/2 of currents recorded from cells expressing mutant channels compared
to those expressing WT-hERG. The voltage-dependence for rates of IhERG de-
activation, development of inactivation, and recovery from inactivation were
measured by calculating the time constants (t) associated with IhERG decay
for a broad range of test potentials. Cells expressing R531Q- and R531W-
hERG exhibited a faster mean t for IhERG deactivation and recovery from in-
activation, but a slower t for development of inactivation. Cells expressing
WT-hERG and R531Q- or R531W-hERG tended to have an intermediate ef-
fect on the I-V relations and t. These data suggest that R531Q- and R531W-
hERG produce functional channels with altered gating, which persist in the
presence of WT-hERG.
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The Trafficking of Mutant HERG Kþ Channels Linked to Long QT Syn-
drome are Regulated by a Subdomain in the Endoplasmic Reticulum
Jennifer L. Smith, Parvathi Nataraj, Craig T. January, Brian P. Delisle.
Type 2 Long QT syndrome (LQT2) is caused by human Ether-a-go-go Related
Gene (hERG) mutations, and studies suggest that most LQT2 missense muta-
tions are retained in pre-Golgi compartments. We tested the hypothesis that
trafficking-deficient LQT2 (tdLQT2) channels are regulated by quality control
mechanisms in specialized subdomains of the Endoplasmic Reticulum (ER)
and/or the ER Golgi Intermediate Compartment (ERGIC). An inherent problem
with studying the localization of proteins to ER subdomains and the ERGIC is
that they are in close proximity and it is difficult to distinguish them from one
another. We found that acutely treating cells with nocodazole (a microtubule
depolymerizing agent) and brefeldin (bfa, an inhibitor of Coat Protein I vesic-
ular transport) allowed us to delineate specialized ER subdomains and the ER-
GIC using confocal microscopy. We assessed whether the tdLQT2 mutation
G601S-hERG colocalized with the different ER subdomains and/or the ERGIC
in stably expressing HEK293 cells. Imaging data show that G601S-hERG ac-
cumulated in the peripheral ER subdomains and did not colocalize with
markers for perinucler ER subdomains, transitional ER subdomains, or the ER-
GIC. Treating cells in E-4031, a drug that increases G601S-hERG trafficking in
the secretory pathway, prevented G601S-hERG from accumulating in the pe-
ripheral ER subdomains and promoted the movement of G601S-hERG into
the ERGIC. The data suggest that cellular quality control mechanisms within
specialized ER subdomains are primarily responsible for the ER retention of
G601S-hERG, and that E-4031 facilitates the movement of G601S-hERG out
of the specialized ER subdomains and into the ERGIC.
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Gating Modulation of KCNQ2/3 via N-C termini Interaction
Adi Etzioni, Sivan Siloni, Dodo Chikvashvilli, Ilana Lotan.
Department of Physiology and Pharmacology, Sackler School of Medicine,
Tel-Aviv University, Israel.
M-channels are slowly activated, non-inactivating, voltage-dependent potas-
sium channels. Heteromeric assembly of subunits, encoded by two members
of the KCNQ gene family KCNQ2 and KCNQ3, recapitulate the functional
properties of the M-current. KCNQ2 and KCNQ3 are co-expressed on the
cell body and dendrites of hippocampal and cortical neurons. Importantly,
